HIV-1 viral load (VL) levels are used for monitoring disease progression and antiretroviral therapy outcomes in HIV-infected patients. To assess the performance of laboratories conducting HIV-1 VL testing in resource-limited settings, the U.S. Centers for Disease Control and Prevention implemented a voluntary, free-of-charge, external quality assurance program using dried tube specimens (DTSs). Between 2010 and 2012, DTS proficiency testing (PT) panels consisting of 5 specimens were distributed at ambient temperature to participants. The results from the participants (n > 6) using the same assay were grouped, analyzed, and graded as acceptable within a group mean ؎ 3 standard deviations. Mean proficiency scores were calculated by dividing the combined PT scores by the number of testing cycles using a linear regression model. Between 2010 and 2012, the number of participants enrolled increased from 32 in 16 countries to 114 in 44 countries. A total of 78.2% of the participants reported results using 10 different VL assays. The rates of reporting of acceptable results by the participants were 96.6% for the Abbott assay, 96.3% for the Roche Cobas assay, 94.5% for the Roche Amplicor assay, 93.0% for the Biocentric assay, and 89.3% for the NucliSens assay. The overall mean proficiency scores improved over time (P ‫؍‬ 0.024). DTSs are a good alternative specimen type to plasma specimens for VL PT programs, as they do not require cold chain transportation and can be used on PCR-based assays. Our data suggest that the CDC HIV-1 VL PT program using DTSs positively impacts the testing performance of the participants, which might translate into better and more accurate VL testing services for patients.
H igh-quality clinical laboratories are urgently needed to sustain global efforts to expand the number of individuals infected with human immunodeficiency virus (HIV) receiving antiretroviral therapy (ART) (1) . At the end of 2012, over 35 million people were estimated to be living with HIV, with more than twothirds of new HIV infections occurring in sub-Saharan Africa (2) . Worldwide, ART has been shown to effectively reduce the rates of morbidity and mortality associated with AIDS (3). Quantitation of HIV-1 viral loads (VLs) has become the standard of care for monitoring the response to ART in HIV-infected patients, understanding disease progression, and preventing HIV transmission (4, 5) . On the basis of the World Health Organization (WHO) 2010 treatment guidelines, which recommended initiating ART at a CD4 count threshold of 350 cells/mm 3 , it was estimated that over 8 million people in low-and middle-income countries were receiving ART in 2011 (6) . The number of patients eligible for ART is expected to rise as countries adopt the new 2013 WHO treatment guidelines, which recommend a CD4 count threshold of 500 cells/mm 3 for initiation of ART (1) , and the Joint United Nations Programme on HIV/AIDS (UNAIDS) Treatment 2015 plan, which calls for starting 15 million people on ART by 2015 (2) . The President's Emergency Plan for AIDS Relief (PEPFAR) blueprint for an AIDS-free generation calls for increased access to VL testing and other technologies to better monitor the effectiveness of ART (7) . To meet the demand, many countries, especially in African and Asian regions, with a high HIV prevalence are rapidly expanding their clinical laboratories' capability for HIV VL testing using either commercially available or in-house-developed assays. Access to proficiency testing (PT) panels is an essential component of a comprehensive laboratory external quality assurance (EQA) program that monitors the quality of laboratory testing and accurate reporting of HIV VL testing results (8) . In 2010, to ensure the quality of HIV VL testing and services in PEPFAR-supported countries, the Centers for Disease Control and Prevention (CDC) in Atlanta, GA, USA, implemented a voluntary and cost-free PT program for HIV-1 VL quantitation using dried tube specimens (DTSs). Traditional PT panels use liquid plasma specimens, but the cost required to maintain cold chain transportation of these specimens for EQA programs is high (8) . Moreover, DTSs are easier to produce than lyophilized materials, which require additional instrumentation. The DTS PT panels offer several advantages over traditional plasma panels: DTSs are noninfectious, are stable at ambient temperature for up to 8 weeks, and do not require special shipping arrangements; hence, the cost for shipment is lower and DTSs can be tested on existing PCR-based HIV-1 VL testing platforms (9) . In this report, we present the results of an analysis of the data from an evaluation of the CDC HIV-1 DTS PT program conducted between 2010 and 2012.
MATERIALS AND METHODS
Program enrollment. Between March 2010 and October 2012, all molecular testing laboratories in resource-limited settings, including those supported by PEPFAR and actively performing HIV-1 VL testing, were encouraged to enroll. Laboratories were registered after they electronically submitted a completed enrollment form. Those laboratories which chose to enroll more than one VL assay were welcomed, but each assay was counted as a separate participant. Once enrolled, CDC assigned a unique identification number (ID) to each participant, and only the ID appeared on the results summary report form to protect the participants' confidentiality.
Program materials. Each PT panel package contained two identical sets of five DTSs, one tube of 13 ml reconstitution buffer (NucliSens lysis buffer [bioMérieux, Inc., Hazelwood, MO] or 0.1 M phosphate-buffered saline [PBS], pH 7.4 [Gibco formulation; Invitrogen Corp., Carlsbad, CA]) with its material and safety data sheet (MSDS), instructions, process checklist form, and a result submission form in a Ziploc bag. All packages were shipped at ambient temperature by commercial shipping companies via air cargo and delivered to the participants within an average of 6 days. For each shipment of the PT cycle, participants were instructed to process only one set of DTS PT panels for HIV-1 VL testing and report their results to CDC electronically via email by the established due date. The second set of DTS PT panels in each shipment was provided as a backup, in case the participants had problem during testing of the first set.
DTS PT panels. The DTSs were prepared by diluting inactivated HIV-1 stock strain 97USNG30, a subtype C strain (catalog number 4115; NIH AIDS Reagent Program, Germantown, MD), in 0.1 M PBS buffer containing 2% of green liquid food dye (Kroger, Cincinnati, OH, USA) for visibility purposes. The HIV-1 stock was inactivated by heating at 56°C for 30 min (10) . Each PT panel contained RNA at concentrations ranging from 2.0 to 6.0 log 10 RNA copies per tube. Twenty microliters of the HIV-1 stock dilutions was dispensed into uncapped 2-ml screw-cap tubes and left at room temperature inside a biosafety cabinet to dry overnight (9, 11) . Prior to the panel distribution, the five DTS tubes in each panel were labeled with coded identifiers: (i.e., VL2011-A1 to -A5). Each PT panel in 2012 and 2011 and the panel from the first cycle in 2010 contained one HIV-negative DTS (PBS buffer with 2% food dye and no virus) and four HIV-1-positive DTSs, while the remaining PT panels contained two HIVnegative and three HIV-1 positive DTSs. Overall, 30 HIV-1-positive and 10 HIV-1-negative DTSs were distributed for the PT program between 2010 and 2012. The HIV-1 RNA concentrations varied in the positive DTSs, and codes were randomly changed among panel members during each PT testing cycle.
Panel validation. Multiple sets of DTS PT panels were randomly selected and tested in triplicate in the CDC Molecular Diagnostics Laboratory using four commercial HIV-1 VL assays according to the manufacturers' instructions: the Abbott RealTime HIV-1 test (Abbott Molecular, Des Plaines, IL) (Abbott), the Roche Cobas AmpliPrep/Cobas TaqMan HIV-1 test (Roche Cobas), the Roche Amplicor HIV-1 Monitor (v1.5) test (Roche Diagnostics, Indianapolis, IN) (Roche Amplicor), and the NucliSens EasyQ HIV-1 test (bioMérieux, France) (NucliSens). Newly prepared DTS PT panels were validated by verifying that the intrarun HIV-1 VL results for the triplicate samples of each panel member fell within a range of 0 to 0.5 log 10 copy/ml.
HIV-1 VL assay. The DTSs were reconstituted by adding 1.1 ml of reconstitution buffer to each tube, followed by 10 s of mixing on a vortex instrument. The NucliSens lysis buffer was used as the reconstitution buffer for the first three PT testing cycles in 2010, and 0.1 M PBS buffer was used for the subsequent five PT testing cycles in 2011 and 2012. The reconstituted DTSs were tested immediately by following the recommendations for HIV VL testing of the manufacturers of the commercial assays for clinical specimens or the participant-developed laboratory standard operating procedures for in-house assays.
Data analysis. The reported data were evaluated with the respect to the ability of the participants to obtain VL testing results that reproduce the known concentrations of HIV-1 RNA present in each DTS PT panel member. The results reported from the participants were grouped and analyzed by type of VL assay to avoid possible variability of the results among different types of VL assays (12) (13) (14) . These groups were formed by a minimum of six participants using the same assay in each PT testing cycle. For each group, a box-and-whisker plot (15) was used as pretreatment of the data to identify outliers for each DTS PT member. The outliers were defined as data points that fell below the first quartile (25th percentile) and above the third quartile (75th percentile) from the median. These outlier results were excluded from the calculation of the group mean, standard deviation (SD), and group coefficient variation (CV). The limits of acceptability for each panel member were assigned in a range within the group mean Ϯ 3 SDs. All data points for DTS PT results that fell within or outside this range were graded as acceptable or unacceptable, respectively. Participants received a passing score if a minimum of four of the five panel members (80.0%) yielded an acceptable grade in a given PT testing cycle, on the basis of the criteria of the WHO Regional Office for Africa accreditation process (16) . The results from participants who reported fewer than six PT results using a single assay or who used in-house VL assays in a given PT testing cycle were not graded, and results from these assays were combined into a group labeled "other assays." The graded and ungraded results for each panel member and its group mean, SD, and CV were recorded on the results summary report form that was sent electronically to the appropriate participants within 4 weeks. Each participant was instructed to review the results summary report form for comparison of its results with those of its peers, investigate potential sources of error, and initiate corrective action and a request for technical assistance from CDC, if needed. To monitor the participants' performance over time, each participant's overall mean proficiency score was calculated by adding all the individual PT panel scores and dividing by the total number of cycles in which the participants participated and analyzed using a linear regression model.
RESULTS

Program participation.
In 2010, when the PT program was initiated, 32 participants in 16 countries participated in the first cycle. However, by the end of 2012, the number of participants had increased to 114 in 44 countries, and more than 95% of participants continued in the program after initial enrollment (Fig. 1 ). Approximately 6% of participants in 2010 and 2011 and 10% of participants in 2012 had enrolled two VL assays into the DTS VL PT program (data not shown).
Program response. Of the 665 packages containing 6,650 DTS tubes that were shipped, results from 520 packages (78.2%; range, 71.9% to 85.2%) for eight PT testing cycles were reported to CDC. These included 23 of the 32 packages for the VL2010-A PT cycle, 46 of the 54 for the VL2010-B PT cycle, 48 of the 58 for the VL2010-C PT cycle, 61 of the 82 for the VL2011-A PT cycle, 78 of the 107 for the VL2011-B PT cycle, 91 of the 110 for the VL2011-C PT cycle, 88 of the 108 for the VL2012-A, and 85 of the 114 for the VL2012-B PT cycle (Fig. 1) . Over the entire eight testing cycles, three participants reported using the second set of PT panels after experiencing an electrical power failure during their VL testing of the first set of PT panels. Participants who did not report results provided the following reasons: a lack of reagent kits, expired reagents, instrument issues, a lack of persons to perform the tests, insufficient electric power, interruption because of laboratory facility renovation, shipping issues, issues with clearance through their country's customs, and improper handling of PT panel pack-ages. Ten different VL assays were used to obtain the reported results: the Abbott RealTime HIV-1 test (Abbott), the Roche Cobas AmpliPrep/Cobas TaqMan HIV-1 test (Roche Cobas), the Roche Amplicor HIV-1 Monitor (v1.5) test (Roche Amplicor), the NucliSens EasyQ HIV-1 test (NucliSens), the Biocentric generic HIV viral load test (Biocentric, Bandol, France) (Biocentric), the Exavir Load-Cavidi (v3) test (Cavidi AB, Uppsala, Sweden), and in-house VL assays. The in-house VL assays were the GagSybr green assay, the Cobas TaqMan with HighPure system, the HighPure system viral nucleic acid kit, and the Artus HIV Virus-1 RG reverse transcription-PCR kit. Among the 10 VL assays used, the Roche Cobas and Roche Amplicor tests were those used the most often in this PT program, being used by a range of from 15% to 41% of participants, followed by the Abbott test, which was used by a range of from 14% to 24% of participants (Fig. 2) .
Data analysis. Due to undetectable viral RNA from the VL2011-A3 panel by the Abbott and Roche Amplicor assays, only 29 matched HIV-1-positive DTS members were analyzed for the comparison of the PT results (Table 1 ; see Fig. 4 ). Among the different HIV-1 VL assays, the Abbott, Roche Cobas, and Roche Amplicor assays indicated good reproducibility and agreement, as a regression coefficient (R 2 ) value of 0.97 was observed between the Abbott and Roche Cobas assays, and an R 2 value of 0.95 was observed between the Abbott and Roche Amplicor and between the Roche Cobas and Roche Amplicor assays; one sample, however, was reported to have a VL below the limit of detection by the Roche Amplicor assay (Fig. 3) . The correlation between participants using the Biocentric, NucliSens, and other assays was not determined because the data obtained using these assays were not available for the 29 positive DTS members of the PT panels for the time period of this study ( Table 1) .
The overall interparticipant variability of HIV-1 RNA quantification by the Abbott and Roche Cobas tests was consistently low, with the group SD values being below 0.5 and the CV values being below 16.0% for each platform. The group SD values observed for the Roche Amplicor assay were below 0.8 for all panels except a n, number of participants; LA, limits of acceptability in log 10 number of copies/ml; L, low limit of acceptability (mean Ϫ 3 SDs) in log 10 number of copies/ml; H, high limit of acceptability (mean ϩ 3 SDs) in log 10 number of copies/ ml; A, number of samples with an acceptable result; U, number of samples with an unacceptable result; NA, not applicable (results that were negative or below the limit of detection).
b
Values in parentheses are the assay limit of detection in log 10 number of copies/ml.
VL2010-A1 and VL2012-B3, for which group SD values were 0.98 and 1.29, respectively. The group CV values for the Roche Amplicor assay were below 21.0% for all panels except VL2012-B3, which had a CV value of 164.9% (Fig. 4) . Despite the fact that only 6 to 9 participants used the Biocentric or NucliSens assay, the majority of SD and CV values were below 0.7 and 16.7%, respectively (data not shown). Because less than six participants used other assays, the CV values varied over a wide range, from a low of 2.3% to a high of 29.2%, and the SD values varied from 0.09 to 1.28 (data not shown).
Results grading. Among the 520 reported sets of results, 448 (86.2%) were graded (Table 1) . Overall, more than 90% of participants received passing scores in every PT testing cycle analyzed (Fig. 1) . Moreover, greater than 94% of results from participants that used the Abbott, Roche Cobas, and Roche Amplicor assays fell within the limit of acceptability (group mean Ϯ 3 SDs) for all panel members. The first PT cycle, VL2010-A, was a pilot event and was not graded. The highest overall rates of acceptable result were from participants using the Abbott (96.6%) and Roche Cobas (96.3%) assays, followed by those using the Roche Amplicor assay (94.5%). Because less than 10 participants used the Biocentric and NucliSens assays, interparticipant comparison of acceptable results was reduced, and the rates of acceptable results were 93.0% for Biocentric and 89.3% for NucliSens ( Table 1) .
The majority of outliers were graded as unacceptable results, regardless of the type of assay, except for one outlier for a DTS member (VL2010-B4) using the Abbott assay and one outlier for a DTS member (VL2012-B3) using the Roche Cobas assay. These two outliers were graded acceptable since they fell within the acceptable ranges. Among the results of the users of the Abbott assay, 3.4% (16/470) of the results from 12 participants were unacceptable. Among them, 10 participants had one unacceptable result in one PT cycle which resulted in passing that PT cycle, while two participants had two unacceptable results in one PT cycle which resulted in failing that PT cycle. Among the Roche Cobas assay users, 3.8% (30/800) of the results from 15 participants were unacceptable. Among these 15 participants, 9 had one unacceptable VL2010-B1  VL2010-B2  VL2010-B4  VL2010-C1  VL2010-C2  VL2010-C4  VL2011-A2  VL2011-A4  VL2011-A5  VL2011-B1  VL2011-B2  VL2011-B3  VL2011-B5  VL2011-C1  VL2011-C3  VL2011-C4  VL2011-C5  VL2012-A1  VL2012-A2  VL2012-A3  VL2012-A4  VL2012-B1  VL2012-B3  VL2012-B4  VL2012-B5 result and 6 had two or more unacceptable results, resulting in those participants failing those PT cycles. Despite the wider acceptability ranges calculated for the Roche Amplicor assay than the Abbott and Roche Cobas assays, 5.5% (38/695) of the results from 15 participants were unacceptable. Among these 15 participants, 9 had one unacceptable result, while 6 participants had two or more unacceptable results, leading those participants to fail the PT score evaluations. The reasons for unacceptable results (4.3%, 84/1,965) reported from participants using the Abbott, Roche Cobas, and Roche Amplicor assays included false-negative results (n ϭ 26), false-positive results (n ϭ 7), results outside the limits of acceptability (n ϭ 47), and invalid results (n ϭ 4) that indicated possible sample mix-up during sample processing. These were observed randomly across these three different assays (data not shown).
To study the impact of the CDC VL PT on VL testing performance over time, we analyzed the trend for the proficiency scores for all graded participants using a linear regression model. The results indicated improved performance over time (P ϭ 0.024): overall mean proficiency scores increased as the number of cycles in which participants participated increased, regardless of the VL assays that they used. The overall mean proficiency score increased from 92.0% for participants who participated in one PT testing cycle to 98.0% for participants who participated in all seven PT cycles evaluated (Fig. 5) .
DISCUSSION
From the time of introduction of the CDC HIV-1 VL PT program for HIV-1 VL quantitation in 2010, the number of participants tripled by 2012, reflecting the need for this program and the interest of clinical laboratories in monitoring and improving the quality of HIV-1 VL testing for patients. Furthermore, this PT program highlights the importance of monitoring the quality of laboratory tests, as inaccurate VL results might have been reported to clinicians, a possibility inferred from the several unacceptable PT results found in this study. The data analyzed in this study demonstrated the good reproducibility of the results of different PCR-based VL assays among multiple participants. To grade the results of the second PT testing cycle, VL2010-B, the results obtained by a group of six or more participants using the same assay was initially chosen on the basis of the SD and CV values for a group of six participants and a CDC laboratory using the Abbott assay in the first analysis. The SD and CV values for that group of 6 participants were similar to those for a group of 13 participants using the Roche Cobas assay and lower than those for a group of 20 participants using the Roche Amplicor assay ( Table 1) . The Abbott assay results from the CDC laboratory were added in the analysis of the data from the Abbott assay to increase the sample size from six to seven. To maintain consistency, a group of six participants using the same assay was continuously used for all assays for the onward data analysis.
The overall proficiency scores of participants indicated improved performance over time for all PCR-based VL assays (Fig.  5) . Among the participants with overall scores lower than 90%, the majority of the participants used the Roche Amplicor assay, followed by the Roche Cobas and Abbott assays. This finding may be a reflection of the overall interparticipant and interassay variability among these three widely used assays. There are limitations to this VL PT program. First, the DTSs cannot be tested by enzyme activity-based assays, such as the Cavidi assay, as HIV reverse transcriptase activity is inactivated during DTS preparation, which includes a heat inactivation and drying process, and shipment at ambient temperature (9, 10) . A previous study using dried plasma specimens containing HIV-1 also revealed the noninfectious nature of the dried plasma specimens (17) . Thus, the participants using the Cavidi assay were notified and excluded from the program. Second, the single subtype C viral strain used for the PT program may not fully reflect the subtype-specific VL quantitation variations that VL assays may have.
With the surge in PEPFAR funding, along with the increased demand for HIV VL testing, several sub-Saharan African countries have adopted automated VL assays, such as the Roche Cobas and Abbott assays, to improve testing quality and turnaround times. Therefore, the number of participants using the Roche Cobas and Abbott assays has doubled since the program was initiated. The data show that the interassay variability for these assays was comparable to the intra-assay variability. The CV values for these assays were between 3.0% and 15.9%, which was less than those for the Roche Amplicor assay, which had CV values between 3.0% and 21.0%. The higher CV for the results from the Roche Amplicor assay group than for the results for the automated assays could be explained by the manual handling of multiple steps of the testing procedure. Other studies have also observed that fully automated high-throughput assays, such as the Abbott and the Roche Cobas assays, show smaller variability than manual assays, such as the Roche Amplicor assay (18) . Despite the small number of data points provided by participants using the Biocentric and NucliSens assays, the intra-assay variability was below 17%, which also demonstrated good reproducibility by these semiautomated assays (data not shown).
We noticed that only one participant using the Roche Amplicor assay had repeated failed PT scores on two PT testing cycles from 2010 to 2012. The Roche Amplicor assay was discontinued and was withdrawn from the market at the end of 2012. Nevertheless, this low rate of repeated failures may reflect the possibility that the participants have effectively used the CDC PT program to monitor and improve their laboratory VL testing performance. The reasons for unacceptable grades were scattered across different participants and PT testing cycles for all assay methods. None of the participants reported problems with the sample reconstitution buffer after NucliSens lysis buffer was replaced by 0.1 M PBS buffer as the constitutional buffer for DTSs from the fourth to the eighth PT testing cycles in 2011 and 2012. Also, no difference in VL results was noted when either reconstitution buffer was used (data not shown). These results further validate our decision to switch from NucliSens lysis buffer to the commonly used 0.1 M PBS to reduce the cost of PT panel production, as our previous evaluation study indicated (9) .
The CDC PT program has been monitoring individual participant performance trends on the basis of the overall mean proficiency scores as well as trends in issues contributing to unacceptable results and has been providing technical assistance to individual participants to address specific issues. The PT program is also providing a performance-monitoring tool to laboratory managers, allowing implementation of appropriate corrective actions when necessary according to the participant's performance. Considering the many challenges that participants are facing in resource-limited countries and the need to increase reporting of PT results, the participants were allowed to use the second set of PT panels for troubleshooting and investigating issues indicated in their results summary report. A website for this PT program is currently under development. At this website, the participants will be able to access answers to frequently asked questions, check the results due date, submit their results online, and receive the results summary report for their participation to minimize late reporting of results and improve data collection, analysis, and reporting.
In summary, the CDC HIV-1 VL PT program using DTSs has provided an avenue for VL testing laboratories in PEPFAR-supported countries to periodically monitor and evaluate the quality of their VL testing services. The overall PT program analysis reported here indicates that the longer that the participants participate in the PT program, the higher that their overall performance scores are. This improved performance might translate into better and more accurate VL testing services for patients, which might further result in an increase in the efficacy of care and treatment programs and an increase in the effectiveness of HIV prevention programs.
